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ABSTRACT

Larson, Bridget Jul. M.S.M.S.E. Department of Mechanical and Materials Engineering,
Wright State University, 2019. Deposition of Nanoparticles or Thin Films via Magnetron
Sputtering Towards Graphene Surface Functionalization and Device Fabrication.

Graphene, a 2-dimensional single layer of carbon, has high carrier mobility,
strength and electrical conductivity. Due to the absence of a band gap and chemical
reactivity, pristine graphene has less competitiveness in semiconductors and sensors.
Functionalizing graphene is imperative in the development of advanced applications.
Among various wet chemical or physical vapor deposition, magnetron sputtering is costeffective, minimum maintenance, user-friendly, and can be used to rapidly deposit nanoparticulates or thin films with less contaminations on any substrates surface. This study is
to investigate the morphology evolution of the deposited films using magnetron
sputtering and to find appropriate conditions for nanoparticulate deposition towards
graphene surface functionalization and device fabrication.
Experimentally, highly conductive copper and silicon substrate are the choice of
the materials for their low-cost and all deposition was performed at preset power and
room temperature. The deposition was conducted by varying chamber pressures and
times, but the supplied power was held constant. In addition, the post-thermal treatment
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as applied to study its impacts on morphological changes. Deposition of nonconductive
silicon oxide and copper/silicon oxide composite films are also explored. Highresolution scanning electron microscopy (Hi-Res SEM), electron dispersive spectroscopy
(EDS), and ImageJ software were utilized to analyze the morphologies of the deposit
films, such as the size, density, coverage of nanograin and/or nanoisland, as a function of
deposition time, pressure and post treatment temperatures. The mechanism of the film
evolution was proposed. The copper nanoparticulates was successfully deposited at high
pressure for short time with post annealing.
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Chapter 1: Background and Objective
Graphene, a novel carbon class with single-layer two-dimensional honeycomb or
a few stacked layers, is attractive in the advancement of research and innovative
applications. [1] Graphene’s high mechanical strength, high surface area sensitivity,
Young’s modulus, thermal conductivity, and increased electrical conductivity are
important aspects in sensors, composite materials, energy generation, and storage. On the
other side of the spectrum, graphene’s high mobility, magnetic and optical properties
make it a key player in electronics photonics and transistors. Figure 1 presents the
various applications spanning over many different regions of science and engineering.

Figure 1. Broad and Various Graphene Applications, Image Credit: 2-D Tech Limited
1

1.1)

Approaches of Producing Graphene
The name graphene was introduced by Boehm, Setton and Stumpp in 1994. [2]

For many years graphene was only a theoretical concept due to the stability of the
thermodynamics of 2-D crystals. In 2004, Geim and Novoselov isolated monolayer
graphene and attached it on a silicon oxide substrate by peeling it from graphite with the
scotch tape method. [3] Since then, extensive research has been directed in fabrication of
graphene using different approached. Figure 2 illustrates various methods of producing
graphene. For the top-down version, in addition to micromechanical cleavage, either
liquid-phase exfoliation or oxidation exfoliation can be used to reduce the 3-dimensional
structured graphite into sheets of graphene oxide (GO) or reduced graphene oxide
(rGO). For the bottom-up version, chemical vapor deposition (CVD) can be done on a
substrate and silicon carbide (SiC) can be used via thermal decomposition.

Figure 2. Schematics of Various Approaches of Fabricating Graphene .[4]
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Among physical cleavage, graphite can be reduced to sheet forms of graphene
with the help of mechanochemical activation by ball-milling through interactions with
melamine under solid conditions [5]. Monolayer graphene can also be achieved through
sonication of graphite in organic solvents like dimethylformamide [6], N-methyl
pyrrolidone [7], pyridine and other perfluorinated solvents [8]. The free energy of mixing
solvent needs to be negative to stabilize colloidal graphene so its surface energy matches
that of graphene. Even though sonication is a key factor in the creation of the single
layers of graphene, it is noteworthy that prolonged sonication can reduce the sheet size
and increase the number of defects [9].
Stadenmaire (1898), Hummers and Offeman (1958) [10] released their results on
graphene oxide at different times in history. The structure of GO depends on the method
of oxidation and the most accepted model was proposed by Lerf-Klinowski and Dekany,
[10,11] as shown in figure 3. GO is precursor for graphene by reduction through
photochemical, electrochemical, and thermal annealing approaches. In these processes,
defects that remain are rearranged and the monolayers increase.

Figure 3. a) AFM image of GO on silicon substrate; b) Lerf-Klinowski model of GO [10]
3

For applications in electronic devices, chemical vapor deposition (CVD) is
currently the most common methods of producing graphene on copper or nickel and
transferred to other substrates for practical applications [12]. The parameters of the
allowed hydrogen are important since excess hydrogen can corrode the graphene and
destroy the integrity of the lattice [13]. For optimal graphene production the parameters
are as follows: use of a catalyst, carrier gas, chamber material, and physical conditions.
1.2)

Demands for Functionalization of Graphene
Functionalized graphene is critical to be utilized in practical applications. In

electronics graphene needs to be functionalized to generate/increase the bandgap. In
sensors graphene needs to be functionalized so that its surface is more sensitive to detect
the analytes. Graphene can be functionalized via covalent or non-covalent surface
chemical modification, surface decoration with metal nanoparticles, structural doping by
nitrogen, boron, and other elements, and structural functionalization with other carbon
nanostructures.
1.2.1) Covalent Chemical Functionalization
To covalently attach organic groups on graphene surface, the bonds can be
created through the attachment of free radicals to carbon sigma bonds or between organic
groups and graphene oxide. Covalent bonding with organic groups allows for dispersion
in organic solvents which is an integral part in composing nanocomposite materials using
graphene. Aromatic characters of organic groups can be manipulated to control the
electronic properties of the functionalized surface. A band gap can then be developed
through doping to use graphene in nanoelectronics devices. When chemical
4

functionalization occurred, there was a decrease in conductivity through a disruption in
the aromatic system when the transformation from sp2 to sp3 happened. [14]
Graphene oxide has hydroxyl, epoxy, carbonyl, and carboxyl groups. The surface
presence of the oxygen groups allows the graphene oxide to become hydrophilic and
changes the chemical reactivity, making this material a great candidate for being used as
a starting material to form graphene derivatives when organic groups are attached to the
surface. Many polymers can be attached to the surface of graphene and graphene oxide to
enhance the characteristics for electronic and optoelectronic applications.
1.2.2) Noncovalent Chemical Functionalization
Noncovalent bonds differ from covalent since it does not involve sharing
electrons but involves electromagnetic interactions between molecules. Examples of
noncovalent bonding includes π – π interactions and van der Waals forces. [15] In both
cases, reactivity, dispersibility, biocompatibility, binding capacity, and sensing properties
are all increased. When graphene is desired in transistor applications, noncovalent
functionalization is used to generate/increase bandgap. [16] Graphene oxide will react the
same way with the bonding, though there will be interactions with different hydroxyl,
carboxyl, and epoxy groups. The non-covalent functionalization occurs with weak
interactions between graphene and the materials on the surface, which have grown
massively in the past few years.
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1.2.3) Decoration with Nanoparticles or Nanoislands
Metal and metal oxide nanoparticles (NP) can be decorated on graphene surfaces
through physical vapor deposition (PVD), reduction of a metal salt in a solution (wet
chemical reaction), chemical vapor deposition (CVD), etc. When particulates are placed
on the surface, the metal nanoparticles can attach to the dangling bonds on the surface
thus functionalizing the graphene. Metal nanoislands can be also deposited directly onto
the graphene surface just like metal nanoparticles, which can be created via a solutionphase synthesis, physical vapor deposition, electron beam lithography (EBL), as shown in
figure 4.

Figure 4. Nanoislands on graphene surface fabricated via (a, b) solution approach; (c, d)
PVD; (e, f) Electron beam lithography (EBL) [17]

In the wet chemical method, the crystals deposited will nucleate on the surface of
the graphene and allow controlled growth to produce geometries like spheres, rods, or
nanoparticles resembling flowers. [17] Wet chemical methods allow the shape growth
control and crystalline quality, but it creates uncontrolled distribution along the surface of
the graphene. Random particles across a graphene surface limits different applications.
6

PVD can result in either nanoparticles or nanoislands at low nominal thicknesses19.
Though the shapes are not uniform, some control can be achieved by manipulating the
deposition variables. Electron beam lithography (EBL) and photolithography can be used
to create patterns of metal on monolayers of graphene. [18] Lithography is so easily
controlled that geometry, light scattering, quantum tunneling, and controlled periodicity
can be precise. Though this seems like the best option for complete controlled variability,
it can only be done under small surfaces and scale-up could be a problem and it is
expensive. [17]
Graphene – NP or Nanoislands hybrids have many applications in energy
transport and storage, biological/chemical/mechanical sensing, and optical applications.
Research in this field will be described in more detail in chapter 2.
1.2.4) Functionalization by Other Carbon Nanostructures
In the last decades, different types of carbon nanostructures, like C60 (buckyballs),
carbon nanotubes (CNTs), and nanospheres, have been combined with GO, via noncovalent interaction, to create nanocomposites or “nanohybrids”. [19] For instance, the
GO/CNT hybrid structure can vary in three types shown in figure 5. Spraying a mixture
of graphene oxide and CNTs in a common solvent can result in type 1 structure. Using
CVD, CNTs can grow perpendicular to the surface of graphene surface forming a 3D
nanostructure. Wrapping carbon nanotubes with graphene sheets can be done with by
using the electrodes on an atomic force microscope (AFM). [19]. The super carbon
nanostructures have combined and/or enhanced their mechanical and electrical properties,
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and hence extended their applications in supercapacitors, batteries, organic light-emitting
diodes, solar cells, field emission transistors, and polymer enhancement.

Figure 5. GO/CNT hybrid structure 1) CNT random lying on GO; 2) CNT perpendicular
to GO surface 3) graphene wrapping CNTs [19]

1.2.5) Doping by Nitrogen, Boron, and Other Elements
Graphene can be doped with boron, nitrogen, and other heteroatoms. CVD and
arc-discharge techniques were used with B2H6 and NH3 as a source for boron and
nitrogen, respectively. [20] Doping with boron and nitrogen creates a change in the
electronic structure and properties. This type of doping also allows for manipulation in
the properties of the nanostructure, such as electrical and quantum transport of the
graphene.
1.3)

Sensor Applications of Functionalized Graphene
Functionalized graphene and graphene oxide have various applications. In this

review, the fields to be emphasized are sensors.
1.3.1) Biological Sensors
Biosensors are compact analytical devices that manipulate biological signals to be
read as analytical ones. The sensing element can be a microbial cell, cell receptor,
enzyme, DNA, antibody, etc. These elements are related to a physicochemical transducer
8

for translation of the biological responses to analytical between the responder and the
analyte, to become a useable signal. [21]
Glucose oxide-based sensors is the most common enzyme biosensors. This
enzyme catalyzes the oxidation of β-ᴅ-glucose (GOD) to gluconic acid. Many methods
have been used to immobilize GOD on electrode surfaces in the fabrication of
electrochemical glucose biosensors can be done. Immobilizing by covalent amide linkage
of the GOD to graphene was studied by Alwarappan et al. [22] The graphene-GOD was
conjugated and immobilized on the glassy carbon electrode (GCE) surface modified with
polypyrrole (ppy) (see figure 6(a)). For glucose detection, the entire electrode was
employed and displayed good sensitivity and stability.
DNA sensors need to be selective and sensitive to analyze data for clinical
diagnostics, criminology, pharmacology, etc. Lin et al. [23] prepared electrochemical
DNA sensors relying on the π-π stacking between graphene and ssDNA probes (see
figure 6(b)). High sensitivity and selectivity were achieved by the sandwich assembly
that occurred between DNA from a graphene target and DNA-conjugated gold
nanoparticles.

9

(a)

(b)
Figure 6. Schematic of two different kinds to biosensors (a) graphene-GOD encapsulated
within a ppy matrix (b) graphene-DNA [23]

1.3.2) Gas/Chemical Sensors
Graphene sensors have high sensitivity to environment, multifunctional sensing,
and barrier properties. The dangling bonds on the surface of the graphene can react with
foreign gas in very small compositions, leading to high sensitivity and rapid detection.
The ability of graphene to be functionalized with different materials gives it the ability
for multifunctional sensing or barrier. Functionalized graphene has been used for the
detection of NH3, NO2, H2, CO, SO2, H2S and other volatile organic materials. Nemade et
al. studied graphene-based carbon dioxide sensors. [24] The device displayed good
stability, short response time, recovery time, and low detection limit. Wu et al. studied
10

graphene/polyaniline (PANI) nanocomposites for methane sensor and the detection limit
was decreased as the mass ratio of graphene to (PANI) increased. [25] Table 1 listed a
few examples gas sensors based on graphene or functionalized graphene.
Table 1. A few recent studies on graphene-based gas sensors. [4]
SENSING MATERIAL

TARGET GAS

TRES(S)

LOD

TREC(S)

FEW-LAYERED GR

CO2

11

3 ppm

14

GR (REDUCED BY H2 PLASMA)

CO2

240

2 %/300 ppm

240

GR/PANI

CH4

PMMA/PD NPS + SL GR

H2

NI NPS/NAFION/GR

Ethanol

GR/SB2O3 QDS

CO2

15

50 ppm

22

GR/AL2O3 QDS

CO2

14

100 ppm (125°C)

22

GR/SNO2 NPS

H2

1.2

3/100 ppm

1.6

GR/PT

H2

700

1 % concentration (175 °C)

700

GR/PD

H2

900

20 ppm

GR/(PT+PD)

H2

<2

GR/LI

CO

GR + AU

NH3

GR/TI OR GR/SN

SO2/H2S

GR/(AU+PT)

VOCs

85

10 ppm

45

108

66 %/2%

330

0.12 mM

1200

2 % concentration (40°)

1 %/6 ppm

1800
18

3800

ppb level

Figure 7. (a) Back-gate GFET on a Si/SiO2 substrate as a gas sensor (b) electrochemical
gas sensors [26]
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A chemical sensor device can be based on field effect transistors (GFETs) or
electrochemical cell system (see figure 7). [26] GFETs utilize pristine graphene or
functionalized reduced graphene oxide as a semiconductor while electrochemical sensors
utilize pristine or functionalized reduced graphene as the working electrode.
1.3.3) Metallization and Patterning for Graphene-based Device
In fabricating graphene-based devices using MEMS approach, metallization and
patterning is indispensable (see figure 8). The patterning can be done in either subtractive
or additive methods. Subtractive methods include the removal of metals via etching one a
film is deposited, and patterns created by removal of different regions. Additive methods
can use mask materials, such as photoresist, to pattern a substrate surface. Metal then
deposited on the surface of the photoresist can be placed in the trenches where the
photoresist is not. Then, a lift-off process is used to remove the photoresist and leave the
metal pattern behind.
One key term that should be highlighted is “metallization thin films”. The films
that are created in devices should be dense providing sufficient electronic conductance.
The common metallization materials are copper, gold, and aluminum. There are different
criteria besides conductivity on what type of metal being selected in the metallization
process. In many cases gold has to be used with other metals due to its poor adhesion
with the substrate. Studies have shown that the interface of the graphene-gold bond can
lead local temperature drops of 500°K in electronic devices. [27] There are a few issues
with aluminum including low melting temperature and the production of an oxide layer in
ambient conditions.

12

Figure 8. Photolithographic method to create circuits [28]

Copper has 37% reduction in resistivity compared with aluminum and gold.
Along with its low resistivity, higher currents are possible through the material and is
important in performance. Other properties that copper exceeding Al and Au include
thermal conductivity, higher melting temperature, and high electromigration resistance.
[29] Copper’s high melting temperature allows for a high current to pass through the
material and not melt the metal. Hence, copper metallization “always was and always in
the way of the future”. [30]

1.4)

Objective and Overview of This Research
Functionalized graphene and graphene-based electronic device are desired and

revolutionizing the way that new technologies can be formed on micron and nano levels.
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Graphene can be functionalized via wet chemical modification and decoration with
nanoparticles or nanoislands, among which non-covalent functionalization is favorable in
consideration of tuning the property without altering the graphene structure. This study is
to deposit and study the morphologies of the nanoparticles and films using magnetron
sputtering on silicon substrate towards graphene surface functionalization and device
fabrication.
Graphene-nanoparticles or nanoislands hybrids have many applications in energy,
sensing, electronic and optical applications. The past research overview in this direction
will be presented in chapter 2, with emphasis on graphene-copper nanoparticles,
sputtering, and nanoparticle growth mechanism.
Based on the literature review, magnetron sputtering is cost-effective, minimum
maintenance, user-friendly, and can be used rapidly deposit nano particulates, islands,
and continuous films on any substrates surface. However, there are only sparse research
using sputtering to deposit copper nanoparticles of films with controlled morphologies
reported. In this study, highly conductive copper and silicon substrate are selected for
their low-cost. The deposition variables including chamber pressures and times and postthermal treatment were applied to study their impacts on morphological changes with the
help of high-resolution scanning electron microscopy and ImageJ. The experimental
aspects are presented in chapter 3. The results and discussion will be presented in chapter
4. The conclusion and future research outlook will be presented in chapter 5.
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Chapter 2: Literature Review
Metal nanoparticles (NPs) can be utilized for their various physical and chemical
properties, such as quicker detection of elements in the atmosphere, like sensors.
Nanoparticles are also used for catalysts for a multitude of chemical processes for the
high surface to volume ratio. As discussed in chapter 1, recently, nanoparticles have been
utilized to functionalize graphene substrates for various applications for enhancement of
performances. The physical and chemical properties of functionalized graphene can be
controlled by regulating shape, size and distribution and density of the nanoparticles.
Various types of nanometals can be used in the decoration of graphene. The types of
metals that are used play a large role in the structure and properties that the
functionalized graphene will exhibit. The choice of metal is dependent on what types of
characteristics are optimal for the application.
There are many ways to fabricate nanoparticles as well as to functionalize
graphene with nanometals. In this chapter, methods of graphene functionalization with
nanoparticles are briefly reviewed in the first section. Oxides have resistance to high
temperature applications and can be used as insulators in many electrical applications.
Hence a few researches on copper oxide and silicon oxide will be included. In pertinent
with this research objective, studies on graphene functionalization with copper
nanoparticles, sputtering nanoparticles, and nanoparticle growth mechanism during
physical vapor deposition will be reviewed in the following three sections.
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2.1) Fabrication of Graphene – Metal/Metal Oxide Nanoparticle Hybrids
2.1.1) Fabrication Techniques Overview
Metal nanoparticles and nanoislands can be deposited onto the graphene surface,
via a solution-phase chemical synthesis, physical vapor deposition (PVD), or electron
beam lithography (EBL). Although EBL is controllable with high resolution, it is
extremely expensive and time consuming which is not practical for broad applications
and hence, will not be discussed here.
In solution-phase chemical synthesis, there are various forms of chemical reaction
ways, such as chemical reduction, co-precipitation, electroless deposition,
electrochemical deposition, and with the assistance of laser irradiation, photo
illumination, microwave etc., to convert metal ions into nanoparticles and simultaneously
deposited on graphene or graphene oxides. Table 1 listed some studies using various
solution-phase chemical synthesis methods to fabricate metal nanoparticles on graphene
oxide (GO), reduced graphene oxide (rGO), and graphene nanosheets.
Chemical reductions method is using chemical reagent to reduce the desired metal
salt into nanoparticles directly deposited on the surface of host graphene (or graphene
oxide). Through co-precipitation, two materials are distributed on a substrate surface and
a chemical reaction occurs that allows only the metal nanoparticles to remain on the
surface. The metal salt can also be converted into nanoparticles via electrochemical
reaction under the external power supply, via thermal reduction in the presence of
external optical, ultrasound, or microwave energies. Electrochemical deposition is
advantageous when a shorter deposition length, higher purity, and uniformity of a product
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is required. Laser irradiation uses a focused laser beam at varying intensities to reduce
ions into nanoparticles. This method can achieve local reduction of metallic ions into
metal NPs for the substrate surfaces.
Table 2. Other techniques for metallic nanoparticle deposition
DEPOSITION TYPE

2D MATERIAL
AND NP
DEPOSITED
2D Material:
GO
rGO
GNS
NP Deposited:
Au
Ag
Pt
Pd

OTHER MATERIALS

PARTICLE SIZES

REFERENCES

Reducers:
Ethylene glycol
Propanol-2
NaBH4
NaOH
Chitosan
Hydrazine

Nanometer range

[31]

CO-PRECIPITATION

2D Material:
GO
BNNS
NP Deposited:
Fe3O4

Ferrous chloride and
ferric chloride

CO-PRECIPITATION

2D Material:
GO
NP Deposited:
LiFePO4
2D Material:
rGO
Functionalized
rGO
NP Deposited:
Au

Deionized water
(NH4)2Fe(SO4)26H2O
NH4H2PO4
LiOH

2D Material:
GO
NP Deposited:
PdPt
2D Material:
Graphene Sheets
NP Deposited:
Au
Ag
Pd
Pt

Glassy carbon
electrode (GCE)
KCL
CO colloidal

2D Material:
GO
NP Deposited:

HNO3
KMnO4
NiSO4

CHEMICAL REDUCTION

ELECTRO-DEPOSITION

ELECTRO-DEPOSITION

ELECTROLESS DEPOSITION

ELECTROLESS DEPOSITION

Not specified

Not specified

Glycol:
Pt: Avg. 2.75 mm
Au: Range 10-20 nm
Ag: Range 3-6 nm
Ag: Range 3-6mm
NaBH4:
Ag: Avg. 13 nm
Pd: Avg. 30-40 mm
Uniform coatings and
not NPs

Average Size: 70nm

Au particles and
dendrites found on
rGO and
functionalized rGO

[31]

[32]

[31]

Range: 71-89nm

[33]

Homogenous and
uniform NP
deposited
throughout graphene
sheets.

[31]

[34]

17

Not specified

LASER IRRADIATION

2D Material:
GO Film
NP Deposited:
Ag

Not specified

Not specified

[31]

LASER IRRADIATION

2D Material:
GO nanosheets
NP Deposited:
MoS2

Sodium molydbate
dehydrate
Thioacetamide
Deionized water

Not specified

[35]

MICROWAVE SYNTHESIS

2D Material:
GO
NP Deposited:
Fe3O4

Range: 20-30nm

[36]

MECHANICAL MILLING

2D Material:
Graphene
NP Deposited:
FE, Cu, Ni, Co, Cr

Hydrogen Peroxide
Ammonium
Peroxydisulfate
Iron acetyl
acetonate
Toluene
Ethanol
Sodium Lauryl
Sulphate

Multimetal NP:
Range: 7.9-12.7nm

[37]

Though the various methods prove to be useful, chemical technique in general
require many chemicals, solvents, which may hold contaminates on the surface graphene
in addition to the desired nanoparticles. Further many of these methods can hardly
produce uniform nanoparticles on the surface of graphene.
PVD, including thermal evaporation and sputter, does not create chemical waste,
has the potential to use both pure metals and alloys, and can be manipulated for the
desired density of metal on the surface. PVD can result in continuous or non-continuous
particulates. For device fabrication, the continuous metal layer having the right thickness
and morphology is desired for interconnectivity or patterns. For functionalization,
nanoparticles or nanoislands are preferred. However, the size and shape of the particles
are very sensitive to PVD conditions such as temperature, pressure, duration and even
substrate. The drawback of PVD in general is the large instrumentation that would
require calibrating and maintenance done frequently.
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2.1.2) Examples of Solution-Phase Chemical Synthesis of Metal NPs on Graphene
Nanosheets
Figure 9 illustrates the procedures of the chemical reduction process using graphene
oxide and a metal salt to create the composite of nanoparticles and graphene. The
reduction process allows nanoparticles to grow and normally adhere to the graphene
oxide surface. [38] The diagram below shows many products that can be achieved
through this reduction method. Ethylene glycol, hydrazine, and sodium borohydride
(NaBH4) are commonly used as the reduction agents in most cases. Nanoparticles of Au,
Ag, Pt, Pd, Cu, have been deposited on the surface of GO, rGO and graphene nanosheets.

Figure 9. Diagram for immobilizing metal nanoparticles on graphene
experimentally [39]

Research shows the sonification of metal salts with the chemical agent present leads
to the metal nanoparticles formation. Reduction by sonification can render the sequential
or simultaneous reduction of the GO and metal salt. For sequential reduction, graphene
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oxide is reduced in a solution and sonicated, then mixed with a second metal nanoparticle
solution and sonicated again. There can be many solutions added depending on the
desired properties. In the simultaneous reduction, the graphene oxide is mixed with the
metal nanoparticle solution and sonicated immediately. Each reduction process produces
different types of nanoparticle distribution. In figure 10 the nanoparticles are small and
form small clusters, while the simultaneous reduction produces larger particles that are
evenly distributed across the surface. [40]

Figure 10. a) sequentially reduced b) simultaneously reduced. Both to form a graphene
oxide-Au nanoparticle composite in this study [40]

2.1.3) Example of Deposition of Oxide Nanoparticles on Graphene Nanosheets
Rout studied the synthesis CuO/graphene oxide composites through solutions of
CuO and GO. [41] GO was prepared by exfoliated graphite sheets. CuO powder was
developed using Cu(NO3)23H2O and citric acid then stirred at 100°C for 1 hour. A gel
formed then held at 200°C until a fluffy CuO mass formed. Annealing was done at 200°C
for 2 hours until black powder was formed. The mixture of CuO solution and graphene
oxide solution was mixed together and stirred constantly at 100°C, a gel formed with this
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interaction as well, then a mass formed as the CuO and graphene oxide composite. This
combination then was annealed at 200°C for 2 hours. Figure 11 shows the SEM image of
the as-prepared CuO/GP nanocomposites

Figure 11. SEM image of CuO/graphene oxide nanocomposite annealed at 200°C for 2
hours [41]

Pourbeyram et al [42] studied green synthesis of copper oxide nanoparticles
decorated on graphene oxide to be used as a glucose sensor. PGE (pencil graphite
electrode) was used with a diameter of 0.5 mm and inserted into a Teflon tube. 1 cm of
the graphitic tip could be exposed from the tubing. The PGE was pretreated then dipped
into the electrochemical cell which contained a graphene oxide suspension. The electrode
potential ranged from 0 to -1.0 V through 10 cycles at 20 mV/s. The reduced graphene
oxide-PGE was then removed, rinsed, and placed in a solution of 0.01 M copper nitrate
for 10 min and stirred mechanically. The electrode was then placed in 0.1 M NaOH and
the potential ranged from 0.8 to -0.3 V at the same velocity. This was done for 5 cycles.
The figures of merit presented in this study seemed to be better than the values that were
reported in literature to this point. Since ultrafine CuO nanoparticles could be used, lower

21

values were collected pertaining to detection limit. Figure 12 is a TEM image of copper
oxide nanoparticles on the surface of reduced graphene oxide.

Figure 12. TEM of CuO(NP)/rGO at 40nm resolution [42]

2.2)

Fabrication of Graphene-Copper Nanoparticle Hybrids

2.2.1) Wet Chemical Approaches
To deposit copper onto graphene and its derivatives, the above mentioned wet
chemical methods are all applicable. However, only a handful of papers were found on
how to anchor copper on the surface of graphene, as shown in Table 3.
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Table 3. Deposition types involving copper nanoparticles
DEPOSITION TYPE

PHYSICAL VAPOR DEPOSITION

CHEMICAL REDUCTION

POTENTIOSTATIC DEPOSITION

2 STEP HYDROTHERMAL
1)AUTOCLAVE
2) CVD

ELECTROCHEMICAL

2D MATERIAL
AND NP
DEPOSITED
2D Material:
Graphene
GO
Graphene-RNA
(Ribonucleic acid)
NP Deposited:
Cu
2D Material:
GO
rGO
GNS
NP Deposited:
Cu

OTHER
MATERIALS

PARTICLE SIZES

REFERENCES

Graphene-RNA - Range: 0.856.5 nm

[43]

Reducers:
Ethylene
glycol
Propanol-2
NaBH4
NaOH
Chitosan
Hydrazine

Cu - Range: 5-25 nm

[44]

2D Material:
GO
NP Deposited:
Cu
2D Material:
BGO (boron
doped)
NP Deposited:
Cu
2D Material:
rGO-PGE (pencil
graphite
electrode)
NP Deposited:
CuO

CuSO4
Na2SO4

Average Diameter: ~10nm

[44]

Ethanol

Range: 10-70 nm

[45]

HNO3
Water
Cu(NO3)2
NaOH

Range: 3-5 nm

[42]

Fontoura et al. [31] also studied the use of cementation to anchor copper onto
graphene nano platelets. Graphene nanoplatelets were dispersed within a copper sulfate
salt solution. A metal reducer was then inserted into the solution under continuous
stirring. SEM images (figure 13) confirmed the deposition of Cu nanoparticles on
graphene nanosheets.
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Figure 13. Graphene-Cu hybrids fabricated via cementation reaction. (a) CuSO4
solution; (b) graphene-copper solution when cementation reaction occurs; (c) wet and
(d) graphene-copper powders obtained; graphene-copper powders obtained (e) without
and (f) with ultrasonication [31]

Luo et al [44] created a non-enzymatic glucose sensor through graphene modified
through copper nanoparticles. Graphene dispersion was placed on the surface of a glassy
carbon (GC) electrode. The thickness of the graphene sheets was approximately 400 nm.
Copper nanoparticles were then placed on the surface using potentiostatic deposition
using a precursor solution (50 mL) of 10 mM CuSO4 and 100 mM Na2SO4. A potential of
-0.4 V was placed on the graphene sheets electrode and the best deposition time was
shown to be 480s. Figure 14 demonstrates the uniformity of the nanoparticles on the
surface of graphene. There are agglomerates across the surface and seem to be clustering.
It was concluded that the performance of this sensor was excellent and could be
fabricated easily.
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Figure 14. Cu nanoparticles deposited on graphene sheets via potentiostatic deposition
[44]

2.2.2) Physical Vapor Deposition
Ouyang et al [43] deposit Cu layer using thermal evaporation at 0.5nm/min. It
was noticed that annealing at prolong duration promoted conformation of Cu superlattice
(figure 15). At 360oC, ordered superlattice CuNPs with less than 20nm diameters are
created.
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(a)

(d)

(b)

(c)

(e)

(f)

Figure 15: Morphology evolution of Cu films on a large-area graphene film. (a) a bare
graphene on Si (100); (b) 0.7+_0.3nm Cu layer thermally evaporated, (c) after slightly
thermal annealing; annealed for 8hrs at (d) 200oC, (e) 360oC, (f) 440oC. [43]

Unlu [46] fabricated Cu NP collected onto the graphene/SiO2 substrate using high
pressure sputtering in combination with in-flight annealing. Figure 16 presented SEM
images of the sputtered CuNPs on graphene with or without in-flight annealing. It was
noticed that sputtering at 1mbar for 10min at 500°C sintering temperature yields a
homogeneous size. TEM results determine the Cu single crystal is about 5nm and the
polycrystalline Cu NPs is about 15nm.
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(a)

(b)
Figure 16. SEM images of CuNPs that sputtered at (a) 1mbar 10min; (b) 1mbar for
10min at 500°C [46]

Akbari-Sharbaf et al [47] study copper nanoparticles assembled on Graphene-RNA
(Ribonucleic acid) films. The copper nanoparticles were deposited via RF sputtering for
2-5min followed by annealing at 300-550°C for 1-4h in N2 environment. Figure 17
shows images and the relationship between particle diameter and annealing temperature.
Non-annealed Cu film appear to be semi-continuous system of interconnected Cu
particle. Upon annealing, isolated Cu-NP resulted. Particle diameter linearly increase
with the temperature increases, governed by the kinetics. The fraction of coverage will
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reduce due to the grain growth. A long annealing time also promotes the formation of
large isolated NPs.

Figure 17. SEM images of CuNPs on graphene annealed at (a) 300, (b) 400 and (c)
550oC. (d) average particle size as a function of annealing temperature, (d) average
coverage as a function of annealing time. [47]

As discussed previously, physical vapor deposition, compared with various chemical
approaches, is clean, simple, versatile, and high-throughput. PVD process is a convenient
way of depositing a range of metallic materials on any substrate. Material deposited by
PVD can adopt a variety of morphologies which are tunable by control the deposition
process parameters. In addition, post deposition process can allow further control of NPs
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and films morphology and structure. PVD process is compatible with large area graphene
sheets, and hence more suitable for electronic device application.

2.3 Sputtering of Thin Films and Nanoparticles
Sputtering has the advantage of manipulation of the size, shape, and properties of
the metal. Figure 18 is an example of sputtered metal films. In the continuous thick film,
the chromium particles have tetrahedral shapes which interlock with other particles to
create the film surface. Even though chromium portrays this shape, other pure metals or
alloys can have different shapes. The thickness of the layers of metal is dependent on the
power of the target, the feed rate of the gas, and the pressure inside of the chamber.

Figure 18. FE SEM images of aluminum foil samples coated with 25nm (a) and 50 nm
chromium layers (b) [48] (200 000x magnification).

Hojabri [49] deposited Cu thin films with different thickness of 50-220nm on
glass substrate by DC magnetron sputtering at room temperature. From figure 19, the
results show 1) the film thickness linearly increases, and the deposition rate is about
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12.5nm/min; 2) by increasing thickness film surface morphology changes significantly.
when the thickness is increased from 50nm to 220nm, mean grains size increased from
89nm to 259nm, the surface roughness increases from 1.0nm to 8.35nm. 3) the increased
thickness, crystallinity, and grain sizes are all beneficial for the reduction of sheet
resistivity.

Figure 19: (a) Condition of sputtering copper films on glass; (b) deposition rate; (c)
grain size and (d) roughness as a function of thickness [49]

Le [50] deposited Cu films on Si (100) using DC magnetron sputtering and studied
the impacts of DC power. Seen in figure 20, increasing the power will increase the
thickness and film roughness. At lower sputtering power, the morphology is relatively
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uniform with less oriented structure. As the power increased, erection of grain with large
orientation feature from the surface was observed.
At short time deposition and with the help of AFM imaging (figure 21), the authors
concluded that there was similar nucleation and growth mechanism at different power but
there exist a time-lag due to the power difference. The number of nuclei is small at low
power in the initial nucleation, at the time increases to 10s, a few Cu grains are formed
and grown through coalesce. At high power, due to the high density of the nuclei at the
initial stage, more grains will form and rapidly grow in typical island structure after 10s
deposition.

Figure 20. (Top) Dependence of crystallite size and thickness (bottom) roughness as a
function of sputtering power [50]
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Figure 21. AFM image of Cu films at the sputtering power of 0.55W/cm2 and 2.74
W/cm2 with different deposition times [50]

Adanithi [51] deposited Ag nanoparticles on TEM carbon grid using DC magnetron
sputtering. The averages size of Ag NPs is 5.9nm and 3.8nm for the target-substrate
distance of 10 and 20cm. Ag nanoparticle changes into wormlike morphology (figure 22)
as the deposition prolonged indicating the lateral growth. Accordingly, the authors
proposed the growth mechanism illustrated in figure 22. The processes include migration
of atom, aggregation upon arrival, nucleation of nanograin, growth into nanoparticle,
coalesce into worm-like network, formation to continuous film.
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Figure 22. Upper TEM images showing transformation from nanoparticle to wormlike
network; lower schematic illustration of the nucleation and growth process. [51]

Nie et al [52] deposited metal nanoparticles by short-distance sputtering inside a
reactive ion etching chamber. It was found the distribution and morphology of
nanoparticles are affected by the target-substrate distance, types of target, in addition to
sputtering time. Seen in figure 23, as a distance increases, densely distributed
nanoparticles become sparse and transformed into island structure at 510um distance.
Deposition time affects the particle size significantly figure 24, <10 nm for 1min, while
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30-50nm after 5min deposition. However, depending on the nature of the target metal, the
formed nanoparticles exhibit different characteristic in sizes and number densities figure
25.

Figure 23. The impact of distance on morphology (a) direct contact (several micrometers
spacing); (b) 120um; (c) 510um [52]

Figure 24. Deposition for different times (a) 1 min; (b) 5 min [52]

Figure 25. Deposition with different target metal (a) Cu, (b) Al, (c) Cr at 130um [52]
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2.4 Insights of Nucleation and Growth of NP on Graphene During PVD

2.4.1) Fundamental Parameters
Material deposited by PVD can adopt a variety of morphologies determined by the
nanoparticle nucleation and growth process, which is the results of initial adsorption and
diffusion of metal atoms on/in the substrate.
To obtain the correlation between adatom adsorption and the growth morphology of
metal nanoparticles on the surface of graphene, Liu et al. [53][54] studied different types
of metal adsorption on graphene using ab initio calculations. Table # lists the computed
results in terms of the adsorption energy of metal on graphene Ea, the bulk metal
cohesive energy Ec, the diffusion barrier of metal adatom on graphene ∆E, as well as
Ea/Ec and Ec-Ea. The major findings are summarized below:
a) The adsorption site of metal atom on graphene depends on the chemical nature of
the atom. Seen in Table 1, The adsorption sites for copper at located at the top of
the carbon atom which is referred to as the T site.
b) The adsorption energy Ea, also depending on the nature of the atom, indicate the
interaction strength between adsorbed atom and graphene. Copper has an Ea of
5.17 kcal/mol which is in the lower range among the transition metals. This
means copper has a much weaker binding to the surface of graphene.
c) The growth morphology of metals on graphene is connected to the Ea/Ec and E,
in which the diffusion barrier energy E increases because of the increase of Ea.
d) The spherical cluster growth (Volmer-Weber growth mode) occurs when Ea/Ec
<1. If Ec is greater than Ea the bonding between the atoms is higher than bonding
35

to graphene. Ec for copper is 57.43 which means the bonding energy between the
copper atoms is a lot greater than to the surface of graphene.
e) E determines the rate of diffusion and cluster formation probability. Coppers ∆E
is 0.12, which is low, therefore there the atoms diffuse faster for larger clusters,
but have a lower surface density.
Table 4. The ab initio results reported in reference. Sites - location on the graphene
surface, Ea- adsorption energy of atom on surface of graphene, ∆E – diffusion barrier of
metal on graphene, Ec bulk metal cohesive energy, , Ea/Ec, Ec-Ea. [53][54]

It is noteworthy that Liu’s results are derived on free-standing and perfect graphene.
To address the differences observed from experimental observation, Semidey-Flecha et al
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[55] investigated the adsorption and diffusion of Au on graphene mire superstructure on
Ru (0001). Malola et al [56] considered the vacancies formation in the graphene and how
the vacancies alter the Au in-plane adsorption and diffusion.
2.4.2) Experimental Observations
Experimentally, Zhou et al. [57] studied the growth range of metal nanoparticles,
Pt, Rh, Pd, Co, and Au on graphene moire pattern on Ru (0001) by thermal evaporation
and imaged using scanning tunneling microscopy (STM), shown in figure 26 . It was
found that 1) Pt and Rh form small particles on fcc sites of graphene; 2) Pd and Co form
larger particles; 3) Au tends to form continuous nano-granular single layer film, different
from theoretical prediction. Zhou concluded that when Pt, Rh, Pd, and Co were deposited
on the surface, 3-D clusters were seen to grow due to the difference in surface energy of
graphene and these metals. 3-D clusters also grow since the interaction energy with
graphene is small and allows the high mobility of the adatoms. Figure 26 also displays
Rh, Co, and Au at different concentrations (coverage in terms of monolayer (ML)) and
the increase of 3-D cluster development that occurs.
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Figure 26. STM images 50nmx50nm areas obtained on different metal coverage on
graphene /Ru(0001). (a) 0.2ML Rh; (0.4ML Rh, (c) 0.2ML Co; (d) 0.4ML Co, (e) 0.2ML
Au; and (f) 0.4ML Au [57]

2.4.3) Impacts of Temperature and Duration
N’Diaye et al [58] investigated the effect of post annealing temperature and
duration on the morphology and the deposited metal nano clsuters/islands. Figure 27
shows cluster evolution as the temperature increases. Initially, metal forms some isolated
islands in ordered superlattice clusters with distinct height levels pinned to graphene
flakes. As the temperature increases, the spatial order became absent and clusters
transform into isolated large grains. The evolution was attributed to the thermally
activated diffusion of clusters. Two or more clusters coalesce with the increase of
temperature. When increasing time at the elevated, cluster diffusion and growth will also
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occur. Figure 26 shows 0.01 mL Ir deposited at 350°K and cluster movement with time.
As the time increases at 390K, individual nanoparticles move towards those in the
vicinity and coalesce into a larger cluster. At 450K, the closely packed particles grow into
a larger one with the disappearance of the boundaries.

Figure 27. STM images (70nmx70nm areas) of 0.25ML Pt on graphene/Ir (111)
deposited at 300K (a), and post annealed for 300s at (b) 400K, (c) 450K, (d) 500K, (e)
550K, and (f) 650K [58]
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Figure 28. STM image at 25x25 nm of 0.01 mL Ir deposited at 350K and annealed at
390K [58]

Liu [59] exploited the mean-field nucleation theory based on the Au NPs
morphological evolution processes. As the amount of deposited materials increases, three
kinetic regimes for the Au clusters growth can be recognized: clusters nucleation, cluster
growth, and steady state. At the early stage of deposition, moving adatoms on the
substrate explore a certain area in a certain time so that they can encounter each other and
have some infinite probability to join (nucleation process) and form stable nuclei. The
number of nuclei increases with time. At the same time, new atoms arrive from vapor
phase and they can be captured by the pre-existing nuclei. At enough high deposition
time, the nuclei growth in cluster of increasing size and new nuclei are not formed, when
a stead state reached.
2.4.4) Impacts of Varying Substrates and Graphene Layering
Liu et al [59] also studied a variation of graphene supported substrates to
understand the differences that can occur within the properties based on the substrate
used. The first substrate researched was SiO2/Si with a monolayer or a bilayer graphene.
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Atomic force microscopy was used to obtain information on gold nanoparticles deposited
at 0.5nm thickness. The findings concluded that the nanoparticles formed islands on the
surface of the bi-layer but a higher surface density of nanoparticles was obtained on the
single layer. Once annealed at 350°C for 2 hours, the bi-layer surface grew larger islands
while the single layer just displayed growth of the nanoparticles.
A single layer of graphene on hexagonal boron nitride (h-BN) was also studied. hBN was chosen since graphene has been determined to be flatter on this surface than
SiO2. 0.1nm of gold was deposited on h-BN and SiO2. Gold was shown to grow faster on
the surface of single layer graphene supported by h-BN.
From calculated diffusion activation energy, researchers showed that as the
critical size increases of the cluster, the activation energy for the adatom diffusion
increases. The conclusion was drawn that it is higher on the single layer graphene h-BN
than single layer and bi-layer graphene on SiO2, but the SiO2 substrate was still higher
than on graphite or bare h-BN. The authors then observed why these differences occur.
The diffusion of the adatoms is directly affected by surface roughness which is related to
the surface strains. Strain on the surface will reduce energy barriers for adatom diffusion.
Different substrates roughness creates concave and convex surfaces on the graphene that
will reflect the characteristics of the substrate. Local mobility will then be affected due to
the different curvature regions that demonstrate different mobility in their nucleation. As
the layers of graphene increases the energy barrier strength is also changed. Bi-layer
graphene is more stable than single layer since π bonds between the layers increases the
strength which increases the bonding strength that gold has with the carbon atoms. The
bi-layer of graphene also has a lower roughness than single layer.
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Overall, surface roughness, graphene layering, surface strain energy, and energy
barriers all play a role in how the nanoparticles will react on the surface of graphene in
varying substrates in the case of Liu et al.
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Chapter 3: Experimental Aspects - Magnetron Sputtering and
Microscopic Analyses
3.1 Magnetron Sputtering
In this study, AJA Polaris sputtering system (see figure 29) was used to deposit
copper or silicon oxide on the silicon wafer substrates. Copper was deposited at the DC
mode while silicon oxide (SiO2) was deposited at RF mode. Although the objective of
this study is to functionalize graphene, in consideration of materials cost, the Si wafer
was chosen as the substrate during the process optimization. The deposition conditions
were varied to investigate the grain size, film morphology and thickness.

Figure 29. AJA Polaris Sputtering System
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The sputter system is equipped with a direct current (DC) and radio frequency
(RF) power sources. The DC source power can increase to 300 W, while the RF source
can increase to 150 W. In this system, the cooling water is continuously flow at a rate of
0.5 liters/min and maintain the temperature no exceeding 35°C. To strike plasma, 20-200
sccm (standard cubic centimeter per minute) inflow gas rate is required and 5-100
milliTorr (mT) chamber gas pressure.
To load a sample, the load chamber was vented to atmosphere. The mount
(sample holder) was taken out of the load chamber. After a substrate was attached to the
mount, it was put back in the load chamber followed by pumping down. The load lock
door was not open until the load chamber reached pressure within one magnitude
difference from the main chamber. The substrate was then transferred into the main
chamber and mounted on the propeller head. Once secured, the transfer arm was taken
out of the main chamber and the load lock door was closed. The inlet gas was purged in
until the pressure in the chamber gradually increased to desired level. Afterwards, the DC
or RF power was turn on until plasma was struck. When the plasma was stable, the
shutter was opened, and a timer was set to allow accurate film deposition for each
variable time.
In this study, RF power was selected at 100 W and DC at 200 W. The Ar
(99.99%) inflow rate remained at 20 sccm and the main chamber vacuum was always
below 4x10-4 Torr before deposition started. The variables for this study were time and
pressure. The gas pressures were varied from 8, 30, 60 and 90 mTorr. For copper
deposition, the variable times for 8 and 60 mT were 15, 30, and 60 seconds, for 30 mT
were 1, 3, 5, 15, 30, and 60 seconds, and for 90 mT times was 1, 3, 15, 30, 60, 120, and
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600 seconds. For SiO2 and Cu/SiO2 deposition, the pressure was set at 90 mT with times
of 1, 3, 5, 15, 30, 60, and 120 seconds.
3.1.1) Basics of Magnetron Sputtering
Sputtering deposition is a technique by eroding the target and deposition the
atoms on the substrate with the help of high-energy ions plasma. To maximize the
number of high-energy ions, a high molecular weight gas like argon is usually used to
create multiple surface collisions on the target. When a high voltage is applied between
the target (cathode) and the substrate (anode), electrons emitted from the target collide
with the argon atoms in the chamber causing ionization into positive ions which are
accelerated towards the negatively charged target. Thus, the high-energy argon ions are
colliding with the surface of the target and atoms sputtered from the surface travel into
the chamber and deposit onto the substrate. To sustain the stable plasma, the pressure in
the chamber is regulated and kept in the range of mT. To minimize the potential
contaminating gases, the chamber needs to be vacuumed down to 10-5 to 10-7 torr before
the argon gas is injected.
The magnetron sputtering is called when the strong magnets are used to confine
electrons in the plasma near the surface of the target. Using this method increases the
deposition rate and prevents potential damage through impact of the electron with the
substrate or growing film. This type of sputtering does not require melting or evaporation
of the target which gives it an advantage over many physical deposition techniques. Since
it is easy to control the rate of deposition, this type of sputtering deposition is frequently
used.
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Magnetron sputtering can be classified into DC and RF modes, which are
schematically illustrated in figure 30. DC power sources predominately use metal as the
targets since the DC discharge needs to be an electrical conductor. [60] DC magnetron
sputtering utilizes magnets to create a circulating path in the chamber to accelerate the
atoms towards the surface of the anode, thus depositing atoms on the substrate. [59] To
deposit non-conductive materials, RF power source is need. In this case, the RF power
needs to ramp slowly to the desired power to prevent the cracking of the ceramic target.
RF targets are struck by accelerated ions and electrons at the same time so the surface of
the target will remain free of settling ions. The ions and electrons will oscillate around
each other and the one with higher mobility (the electrons) will hit the target more often
creating a negative bias. The negative bias then displaces ions that are accelerated
towards the substrate surface.

Figure 30. (a) schematics of magnetron sputtering [61](b) RF generator is connected for
RF magnetron sputtering.[60]
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3.1.2) Thin Film Growth Model
Film growth through sputtering has been studied in the past several decades. The
Volmer-Weber model demonstrates island growth on the surface of the substrate that
continue to deposit on top of each other and eventually form a continuous film. The
Frank-Van der Merwe shows a continuous monolayer deposition of target material. These
monolayers stack on top of each other to create a continuous film. Stranski-Krastanov
proposed a combination of monolayer and island growth. These models were summarized
by Barna and Adamimik [59] that states there are main steps to the growth of thin films.
These steps include nucleation, island growth, island agglomeration, islands and channels
forming in polycrystalline areas, continuous structure, and film growth, as illustrated in
figure 31. There are two types of crystal growth to consider as well, discrete crystal
growth and growth of polycrystalline crystals. From the names of each, one is random
while the other has an exact place in the crystal structure. The theories above will be
further discussed in further sections.

Figure 31. (a) Volmer-Weber shown as island growth (b) Frank-Van der Merwe growth
by layer deposition (c) Stranski-Krastanov using a layer deposition plus island [59]
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3.1.3) Microstructure of Thin Film Growth Model
Alfonso et al. proposed the structure zone model (see figure 32) that determines
the morphology and microstructure of a deposited film as a function of deposition
temperature and pressure. The parameters for this model to be reliable are temperature of
substrate material, working pressure, bias voltage, and thermal properties of the target
material. Zone 1 occurs mainly at Ts/Tm < 0.3 (Ts is substrate temperature while Tm is
target melting point). Column structures that form small grains and a porous
microstructure are in this zone. Zone two relates to 0.3 ≤ Ts/Tm ≤ 0.45, with the columns
and grains grow due to the increase of temperature. Between zone 1 and zone 2, there
exists a “T zone” which is a transition between the two zones showing a dense structure
formed by the low porosity around it. Zone three is Ts/Tm > 0.45 where recrystallization
occurs due to the increase of diffusion, leading to significant growth in grains.

Figure 32. Structure zone model proposed by Thornton model [59]
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3.1.4) Impacts of Deposition Time and Pressure on Microstructure and Thickness
Hojabri et al. studied the thickness and roughness as a function of time during
deposition of copper thin films. The results have been presented in chapter 2. Dreesen et
al. (2009) [62] also studied the morphology of deposited titanium oxide nanoparticles at
the deposition variables of temperature, pressure, and time. Three pressures were
examined at 4, 20, and 40x10-3 mbar, two temperatures of room and 400°C, and each
pressure had a corresponding deposition time based on the film thickness of 1.5 and 5
nm. It was observed that the decrease in pressure resulted in the increase of the deposition
time to produce the same film thickness in every sample. For instance, as the pressure
increased from 4, to 20 and 40x10-3 mbar, the deposition time increased from 3min to
7.5min and 15 min to achieve 1.5nm film. Figure 33 shows the AFM images. At room
temperature, no particles are seen suggesting dense smooth deposition. At the highest
pressure (40x10-3 mbar) nanoparticles present on the surface. When the temperature was
increased, nanoparticles were seen more clearly. The increase in temperature presenting
increase in nanoparticle distribution will be reflected in this study.
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Figure 33. 1x1 um AFM images of 1.5 nm thick films deposited at different pressure and
temperature [62]

3.2 Scanning Electron Microscopic Characterization
In this study high-resolution scanning electron microscope (ZEISS Gemini SEM,
see figure 34) was used to examine the morphology of the deposited films. The ZEISS
GeminiSEM is a field emission scanning electron microscope that can capture high
resolution images up to 2MX. The images can be stored from 32k x 24k pixels. The
column inside Gemini contains an Inlens detector, Gemini objective, and beam boosters.
The objective lens maximizes optical performance and reduces influences on the surface
through combining electrostatic and magnetic fields. The Inlens contains signal detection
with secondary and backscattered electrons, while the beam boosters have small probe
sizes which demonstrates high signal to noise ratios via Zeiss.
50

Figure 34. Zeiss GeminiSEM with monitors courtesy of Zeiss

The conditions used for this study was a working distance 4-7 mm from the pole
piece, an electron voltage of 2-3 keV, and an aperture size of 20um. SEM images were
taken 2KX – 150KX to observe the grain size, film coverage, and morphology.
High resolution scanning electron microscopy (HR-SEM) can display resolutions
smaller than 10 nm. The signals generated at the electron-surface interface can give
insight to morphology, crystalline structure, and chemical composition. The most
common types of imaging produced by the electron interactions are secondary electron
images and back scattered electron images (BSE). The secondary electron images show
topography and texture of the surface of the material, while BSE images reveal a contrast
difference in the chemical composition of the specimen. [63]
Monte Carlo plots have been used in determination of volume penetration of
electrons. [64] Figure 35(a) shows a Monte Carlo simulation of carbon at incident beam
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voltage of 1.5keV, 5keV, and 20keV. This image displays differences in depth of volume
penetration between the beam voltages. Lower voltage is beneficial for nanoparticle
images with desired resolution. Penetration depth of electrons needs to be controlled
when working with nanomaterials, since the electron beam can burn away the surface
quickly. It is also noticed that if a 5keV voltage is used for nanoparticle materials, the
beam will penetrate deeper than the particles and 1.5keV may still even be too much if
dealing with materials that will charge from the electron beam.
HR-SEMs have increased detection limit of nanomaterials. Particles as small as
10nm can be viewed with clarity to analyze characteristic morphology. Figure 35(b)
displays gold nanoparticles approximately 20 nm in diameter. The contrast between the
nanoparticles and the substrate allows detection of particle distribution across the surface.
When determining the density of particulates, it is important to have a contrast that will
allow for image processing. Furthermore, HR-SEM is a very useful tool to study the
morphology of metal and metal oxide nanoparticles.

(a)

(b)

Figure 35. (a) Monte Carlo of electron scattering in carbon; (b) SEM image of gold
nanoparticles at 200 nm scale [64]
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3.3 Image Analysis via ImageJ
ImageJ is an image processing software created to analyze multidimensional
images. This open source program has thousands of plug ins and scripts to analyze an
image in virtually any way possible. In this study, ImageJ was used to determine grain
and island size as well as distribution of nanoparticles.
To determine the size of grains or islands from an SEM image, the scale bar is measured
using the line tool and then set in the “set scale” tool. A circle can be drawn around the
island, or a line across the grain, and the measurement tool is used to display the area or
length of a circle or line, respectively.
The distribution of nanoparticles on film or substrate surface is done through particle
analysis. The image must be changed to binary, then the measured values are set. The
particle analysis can then be used to identify the surface area coverage and size of the
nanoparticles. Further analysis will be described in later sections.
3.4 Electron Dispersive Technology (EDS)
EDS is a technique primarily used to qualitatively analyze materials but can also
semi-quantitatively analyze as well. [65] Qualitatively, EDS can determine what elements
are in a material. For semi-quantitative, the amount of each element that comprises the
small surface analyzed can be determined, but the ratio of elements is dependent on the
excitation of the electrons and the X-rays produced. For most applications, an SEM will
be equipped with EDS.
In this study, an SEM is used to find the area to be analyzed, then EDS analysis is
used to confirm the presence of copper, silicon and oxygen in the copper/SiO2 composite
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for chemical detection. The conditions for EDS are different from SEM characterization
due to different conditions needed to obtain a spectrum. The electron voltage was
increased from 2-3 keV to 5 keV in order to produce enough X-rays off of the material to
show that the material was present. The distance from the poll piece, or working distance
was also increased to 5 mm. The different conditions did create some issue when trying
to locate a section that should be analyzed.
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Chapter 4: Results and Discussion
The goal in this study is to find optimal pressure, deposition time, and post
annealing conditions to deposit nanoparticles and films with controlled morphology
across a silicon substrate. This is the first step to understand how a magnetron sputter can
be used to functionalize or pattern graphene for electronic device applications.
This chapter describes the film morphological outcomes obtained from magnetron
sputtering by varying pressure and deposition time. Further, the difference between “asdeposited” and “post annealed” samples were analyzed to understand how the film
morphologies develop under thermal treatment. The samples created were characterized
using high-resolution SEM and the images were quantitatively analyzed with the help of
ImageJ software. The film thickness, size of pores, cracks, grains, clusters and islands
were analyzed as a function deposition pressure, time, and are compared before and after
annealing
4.1 Samples and Deposition Parameters on Magnetron Sputtering
Copper was deposited via DC sputtering while silicon oxide through RF
sputtering. The specific parameters used for magnetron sputtering of copper, silicon
oxide, and those for co-sputtering of copper and silicon oxide are listed in the Table 5. In
this study, the thermal annealing was fixed at a temperature of 300°C for 2 hours.

55

Table 5. Sample parameters for deposition study
TARGET

MODE

FLOW RATE (SCCM)

POWER (W)

PRESSURE (mT)

TIME (SEC)

COPPER

DC

20

200

8

15,30,60

COPPER
COPPER

DC
DC

20
20

200
200

30
60

1,3,5,15,30,60
15,30,60

COPPER

DC

20

200

90

1,3,5,15,30,60,120,600

COPPER & SIO2

DC & RF

20

200 & 100

90

5,15,30,60

SIO2

RF

20

100

90

1,3,5,15,30,60,120

4.2 Copper Film Deposition
4.2.1) Film Morphological Characteristics: Thickness Film and Deposition Rate
When using copper as electrical collector, continuous dense thin film with low
resistivity will be required. In this study, two sets of deposition were performed, one at
50W 8mTor for 6, 8, and 10 min and the other one at 100W at 90mT for 10 min. The
step thickness was determined using atomic force microscopy.
Figure 36 (a) shows the AFM topographical image used to determine the
thickness of the deposited films. Figure 36 (b) shows the thickness as a function of
deposition time, which appears to be linear progression. From the slop it is determined
the deposition rate is abou5 0.5nm per sec. The deposition rate is similar for 50W 8mT
and 100W 90mT.
Figure 37 shows SEM image of copper film deposited at 90mT for 10 min after
annealing at 300oC for 2hrs. It was found the thermal annealing can effectively densify
the film and reduce the sheet resistance. The surface morphology of the samples shows
the column, z-direction growth of films. The film is dense made up of grains and clusters
with clear grain boundaries.
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Figure 36. (a) AFM image of thin film (b) deposition rate of copper

Figure 37. SEM image of copper film deposited at 90mT for 10 min after annealing at
300oC for 2hrs.
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4.2.2) Film Morphological Characteristics: 8mT (15, 30, 60 sec)
The progression of as-deposited is shown in figure 38 a-c (left panel) and the
heat-treated samples can be viewed in figure 38 d-f (right panel).
At 8 mT and as low as 15 sec, the main area appears to be a continuous thin film
made up of grains of 7 nm. The film fully covered the substrate. Zoomed-in image shows
that there are many nanopores distributed among nanograins with pore sizes being
uniform at approximately 4.5 nm. There is one nanoisland of approximate 200 nm
present in the visual area.
As the deposition time was increased to 30 sec, image processing shows that the
grain size and pore size in the as-deposited films did not change significantly and a
uniform film was being distributed onto the surface. No island is observed at this
condition.

e

b

As the deposition time is further increased to 60 sec, 20% of the surface is
covered with 100nm sized nanoislands made up of 7nm nanograins and nanoclusters of
approximately 12nm. The distribution of the nanoislands suggests that if more time was
allowed another uniform thin film would be achieved. It is also noticed that although the
nanopore size remains around 4.5nm but the number of nanopores is reduced.

c

Upon thermal treatment in air at 300°C for 2 hours, some nanocracks emerge in

f

the 15 sec. The nanocracks have an average width of 8.3nm and length of 64 nm. In the
heat-treated 30 sec sample, many grains grow into nanoclsuters ranging from 16 nm to 23
nm with an average of diameter of 19nm. The nanoclusters are uniformly distributed in
the relatively dense films. The spacing between the nanoclusters is larger than the
58

nanopores. In the 60 sec sample, in the continuous dense film, nanoislands are still
clearly seen. Many nanoislands present in the as-is sample densify and transform into
irregular larger islands.

Figure 38. SEM images of cooper films deposited at 8mT pressure for 15, 30, 60 seconds
(from top to bottom) before (left panel) and after (right panel) post annealing
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The melting temperature of copper is 1085°C. In this study, deposition occurs at
ambient temperature and the annealing temperature is set at 300°C. Accordingly, Ts/Tm
in as- deposited samples is 0.023 while Ts/Tm in annealed samples is 0.28, where Ts is
substrate temperature and Tm is target melting point. Both are less than 0.3 which falls in
zone 1 in “Thornton model”. In Zone 1, the deposited film represents a well-defined
columnar structure consisting of tapered crystallite separated by nanovoids or nanopores.
This explains the porosity that is found within the all the deposited films.
The observation suggests that the deposition morphology progresses with time.
Nanograins of 7nm grows into nanoclusters around 12nm. Nanograins and nanoclusters
can further grow into nanoislands of 100nm. At shorter time, and hence thin films,
nanograins are dominant. As the film grows thicker, nanocluster becomes prominent
which in turn can readily form nanoislands. This observation is consistent with the
Stranski-Krastanov [59] model a combination of monolayer and island growth on a
substrate but provides more in detailed information. The increase of the number of
nanoclusters and nanoislands will lead to the increase of surface roughness.
Upon annealing at 300oC, some particles in close contact tends to densify and
grow creating grain boundaries. Further, possible partial oxidation of the copper
nanograins will also increase the grain size. Therefore, denser and smoother films are
formed. In some area with densely packed grains before treatment will generate
nanocracks due to local expansion by the thermal oxidation. As the thickness increases,
like in the heat-treated 30 sec sample, sufficient thickness of the film resulted in grain
growth in the z-direction along with the x-y direction growth. The film becomes denser
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after thermal oxidation as the nanoclsuters in the as-deposited film have a larger spacing.
Nanoislands also appear with nanocracks formed in the vicinity.
4.2.3) Film Morphological Characteristics: 30mT (15, 30, 60 sec)
When processing at 30 mT, nanoislands grew at 15 and 30sec, while nanocracks
were formed at 60sec in the as-deposited samples, which is different from 8mT samples.
The size of the island in the 15sec as-deposited sample is about 123 nm while
after heat-treatment it decreased to about 105nm. This decrease is probability due to the
local in-plane densification. As a simultaneous consequence, the area coverage of
nanoislands increases from 4% in the as-deposited to 13% after heat treatment.
In the 30 sec as-deposited sample, the average nanoisland increased to 153nm and
the coverage of the nanoisalnd is increased to about 14%. It is interesting to note that
once heat treatment occurs, many nanoislands disappear. Instead the small nanoclusters
begin to accumulate on the surface. It is hypothesized that the approperiate thickness,
porosity, nanoisland density, and annealing condtion lead to the relatively dense
continuous films.
In the 60 sec as-deposited sample, nanocracks are presented on the surface with a
width of about 7nm and average length of 127nm. As the film grew in thickness, the size
and amount of nanoislands gradually increase simutanesouly. The nanoislands in the
vicinity coalensce and densify resulting the nanocracks formation at the edges of the
islands.
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Figure 39. SEM images of cooper films deposited at 30mT pressure for 15, 30, 60
seconds (from top to bottom) before (left panel) and after (right panel) post annealing
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4.2.4) Film Morphological Characteristics: 60mT (15, 30, 60 sec)
Deposition at 60 mT is much like those at 8 mT and 30 mT, except more, larger
and thicker nanoislands are seen to be formed in the general trend.
The diameter of the as-deposited nanoislands formed at 15sec is approximately
123nm and the surface coverage is increased to 25%. It also appears the roughness of
each nanoisland increased. After heat-treatment, many nanoislands coalesce and grow to
an average diameter of 284 nm. The surface coverage increased to 35%. Within each
nanosialnd, there are many nanocracks and a denser film formed at the perimeter.
Outside nanoislands, the film is relatively dense and smooth consisting of 8.5nm
nanograins as well as 30 nm nanoclusters.
At 30sec, the nanoislands become irregular in shape and coverage decreased to
about 7.5%. After heat treatment, the film becomes relatively uniform and dense made up
of nanoclusters of about 17nm.
In 60sec as-deposited image in addition to nanoislands there are also have ridgeshaped projected from the surface. Within the islands and ridges, there are many large
crack networks. In average, each crack has a width of 6nm and a length at 73nm. After
heat treated, the islands and ridges connected each other but the total coverage of the
surface changes insignificantly (about 20%). The island size can hardly be measured
accurately due to the overlapping/connection. As estimation is 176nm in diameter. Again,
in the island network, there are nanoclusters of approximately 33nm and nanocracks.
However, the total amount of cracks is decreased significantly. Outside the island
network, the film appears to be uniform and smooth with no nanoclsuters.
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Figure 40. SEM images of cooper films deposited at 60mT pressure for 15, 30, 60
seconds (from top to bottom) before (left panel) and after (right panel) post annealing
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Figure 41 compare the SEM images obtained at 60s but different pressure, i.e
8mT, 30 mT, and 60mT. More nanoislands and more nanpores are seen in the 30mT 60s
in comparison with those in 8mT 60s. Further increasing the pressure results instead
individual islands on the film surface accumulated into ridges. Within the islands and
ridges, there are many large crack networks resulting from local densification of island as
well as coalesce of nanopore networks. At low pressure more atoms can reach the
substrate simutanesouly hence form thicker denser films with relatively smoother surface
in comparision with those obtained at higher presure for the same deposition time. It is
need to note the sizes of nanopore and nanograins change insignificantly.
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Figure 41. (a) 8mT 60s; (b) 30mT 60s; (c) 60mT 60s as deposited samples
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4.2.5) Film Morphological Characteristics: 90mT (15, 30,60 sec)
At 90mT the morphology is not like those deposited at the other three pressures.
Smaller nanoislands and nanoclusters are formed and there is no presence of nanocracks
on the surface at higher deposition times. It is noteworthy the scale bar in SEM images on
the left panel is 1m, while those images obtained at lower pressures are 200nm.
Nanoislands are present in the as-deposited 15, 30, and 60 sec samples with sizes of 119,
77, and 101nm, respectively. The coverage of the nanoislands are also 20, 19, and 25%,
respectively.
It is also noticed that for the 90mT 15sec sample, the film is much thinner. After
heat treatment some areas appear to have no copper coverage. Further, the nanograins
and nanoislands transform into nanocluster column having a diameter of 14.5nm erected
from the surface, which was unable to distinguish in the top-view image in the thicker
films deposited at the lower pressures.
At the deposition time increases to 30sec, the heat-treated sample has a full
coverage with large grains closely packed. There are sparse nanoclusters at a diameter of
23nm. The film did not grow much in thickness despite its uniformity.
The 60sec heat-treated sample displays nanoislands that do not resemble to those
obtained at lower pressures. Instead, they resemble more to those of as-deposited. They
are flat dense with no nanoclusters on the surface or cracks within islands. The
nanoisland increase increased from 101 nm to 195nm but the surface coverage is similar.
This means the number of islands decreased after annealing.
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Figure 42. SEM images of cooper films deposited at 90mT pressure for 15, 30, 60
seconds (from top to bottom) before (left panel) and after (right panel) post annealing
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4.3 Film Morphological Characteristics: Quantitative Discussion
Three main structures, nanoclusters/particles, nanoislands, nanocracks, have been
observed in the SEM images and presented in the previous session. In the following, the
size of these features in correlation with deposition time, pressure, and annealing will be
quantitatively discussed.
4.3.1) Nanoparticles and Nanoclusters
Nanoparticles and nanoclusters were seen in the most of as-deposited samples.
Under the SEM resolution, sometimes it is difficult to distinguish between the large
grains and clusters of nanograins. Figure 43 (a) and (b) summarize the average particle
size as a function of deposition pressure in the as-deposited and annealed samples,
respectively.
At 8mT 15sec, the film is cover with majority of nanograins of about 7nm with a
few nanoclsuters of the 20nm. As the time increases to 30 sec, the particle size is
relatively homogenous in the range of 6-10nm with an average of 7nm. Further increase
the time, the average particle size is increased to 12nm. At 30mT 15sec, the grain size
remains at 7nm. 30sec produced a more uniform film with clusters at 21nm. At 60sec
cracks were formed and the nanograins measured were along the edges of the cracks. The
average of the grains is 11nm. Moving to 60mT, at 15sec uniform nanoislands are seen
and the nanoclusters formed around them were approximately 10nm. At 30sec
nanoclusters increased to 13nm. At 60sec small nanoclusters found near the nanocracks
were about 10nm. The 90mT as-deposited samples are the outlier in this set of data. The
nanoclusters found were on the surface of a very thin film that had produced small
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nanoislands. The film was so thin, accurate measurements of the nanoparticles could not
be established, so nanoclusters were measured. Though this data is an outlier, the
conclusions can be drawn that at 90mT, the films are much thinner and more advanced
characterization would need to be done to quantify the nanoparticle size.
After thermal treatment at 300°C for 2hrs, in the 8mT 15sec samples the particles
measured around the nanocracks are approximately 13nm. In the 30sec sample small
nanoparticles grew into nanoclusters at 19nm. In the 60sec sample nanoclusters formed
on the surface of the islands and these were measured to be 30nm. The 30mT 15sec
sample have nanoclusters measured around the nanoislands to be about 12nm. At 30sec
grains agglomerated to form nanoclusters of 21nm diameter after heat treatment. In the
60sec sample, after heat-treatment, many nanoclusters are present at 18nm. In 60mT
15sec sample, large nanoislands covered the surface and nanoclusters were found on the
surface and measured to be about 30nm. In the 30sec sample, a uniform film formed with
nanoclusters at 17nm. At 60sec, after heat-treatment, the nanoislands expanded and
nanocracks are still present within the structure. The nanoclusters around the cracks were
measured to be around 32nm. Though the nanoparticles or nanoclusters were difficult to
distinguish in the as-deposited 90mT samples, the post heat-treatment 90mT samples
show better contrast. At 15sec the film has grown in the z-direction showing small
nanoclusters of 14nm on the surface that look as if columns are being formed or small
islands. At 30sec, the heat-treated film is a thin layer of nanoclusters on the surface at a
diameter of about 23nm. At 60sec, the small nanoislands turn into larger nanoislands and
the nanoclustering is measured to be 13nm.
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In summary, results from figure 43 clearly show that as-deposited films obtained
at lower pressure and shorter times, i.e. 8-30 mT and 15-30 sec, are made up grains of 67nm which may have a few sparse large clusters. At 8-30mT for 60sec and 60mT 1560sec, the films are dominant with larger grains of 10-12nm. At 90mT, the increase of the
grain is also observed with the average size of 13nm.
After annealing, both the grain and cluster size increased. The grain size in the 830 mT and 15 sec films increased from 6-7nm to 12-13 nm. At longer time and/or higher
pressures, the grains increased from 10-12nm to 18-21nm. Overall, after heat treatment
the grains and clusters grew, and expected results occurred in most cases. In addition, the
as-deposited films become dense and uniform in grain/cluster size after thermal
annealing. In contrast, there appear larger clusters of over 30 nm in the films deposited at
8mT 60sec and 60mT after thermal treatment.
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Figure 43. Average diameter of nanoparticle/nanoclusters (nm) vs deposition pressure
(mT) in (a) as-deposited and (b) annealed samples
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4.3.2) Nanoislands of Copper
While the films are made up of grains and clusters, some of them are found to be
accumulated into nanoislands randomly distributed in the films. Figure 44 (a) and (b)
summarize the average island size as a function of deposition pressure in the as-deposited
and annealed samples, respectively. It is noted that the island phenomenon is not
observed in all the films. For instance, low pressure short time (8mT 15-30 sec) or
intermediate pressure long time did (30-60mT 60sec) not display nanoislands.
Nanoislands in as-deposited samples range from approximately 77-198nm in
diameter. At 8mT 60sec, the island is 110nm. At 30 mT the 15sec and 30 sec samples
have islands about 125nm and 154nm, respectively. Further increase pressure to 60mT,
islands in the 15 and 30sec samples increased to 172 and 198nm. When the pressure
increased to 90mT, the size of islands reduced. There is no clear correlation between the
island size and pressure in the heat-treated samples.
Figure 45 (a) and (b) shows the number of islands observed per 600*600nm
area. It is interesting to note after thermal treatment, many islands disappear, especially
in those sample deposited at shorter time. The figure displays nanoislands present at each
pressure and 60sec before and after annealing. It appears that in the porous films with
many islands, like in 90mT samples, thermal annealing will lead to significant reduction
of island.
Figure 46 (a) and (b) also shows the surface coverage of the nanoisland before
and after heat treatment. In the as-deposited samples, they may be grouped two regions.
At low pressure and prolonged time as well as at high pressures, there are more islands
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observed with the coverage over 20%. However, after heat treatment, at low pressures,
the coverage of islands at low pressure become prominent reaching over 60%. By
contrast, the coverage of islands in the films obtained at high pressure films has no
dramatic change.

Nanoisland Diameter in As-Deposited Samples
Nanoisland Diameter (nm)
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Figure 44. Nanoisland diameter (nm) vs deposition pressure (mT) for 15, 30, and 60sec
in (a) as-deposited samples; (b) heat-treated samples
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Islands per Area (600x600nm) vs Deposition
Pressure (mT) As-Deposited
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Pressure (mT) Post-Annealing
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Figure 45. Islands per area of 600x600nm section vs deposition pressure (mT) for 15, 30,
and 60sec in (top) as-deposited samples; (bottom) heat-treated samples
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Figure 46. Percent coverage (%) vs deposition pressure (mT) for 15, 30, 60sec in (top)
as-deposited samples; (bottom) heat-treated samples
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4.3.3) Nanocracks in the Surface of Copper Films
The nanocracks are formed due to the film being thick enough that grains start to
densify, as seen in as-deposited 30mT (60sec) and 60mT (60sec) films. Post heattreatment can result in partial oxidation, grain growth, and thermal expansion, hence
more cracks seen on the heat-treated samples, even in the thinner samples like 8mT
(15sec), 60mT (15sec). Figure 47 demonstrates the width of the cracks as a function of
the deposition pressure. The cracks were present in all pressures and presented a linear
regression from 8.3-4.2nm as pressure increased. As the pressure increases the
nanoparticles are more loosely spaced resulting less or small cracks.
The crack lengths of each specimen were also measured, and the averages are
shown in the table below. No correlation was found in the crack length between the
deposition time or deposition pressure. 60mT was the only sample that displayed
measurable crack length before and after heat treatment, which seemed to decrease which
could be due to a growth in the film in the z-direction.
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Deposition Pressure (mT) vs Crack Width (nm)
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Figure 47. Crack width (nm) vs deposition pressure (mT) for varying deposition times

Table 6. Crack length (nm) of various deposition time, pressure, and temperature samples

Sample

Crack Length (nm)

8mT-15s-HT

63.807

8mT-60-HT

65.836

30mT-60s-AsIs

127.638

60mT-15s-HT

111.539

60mT-60s-AsIs

73.358

60mT-60s-HT

54.152

90mT-30s-HT

49.156
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4.3.4) Hypothesis on Film Growth and Morphology Evolution
Table 7 summarizes the findings at 15, 30, and 60 sec at 8, 30, 60, and 90mT. A
pattern can be seen of how the film grows when deposited directly on the sample before
heat treatment. This pattern is demonstrated in figure 48. At low pressures, individual
nanoparticles deposit a thin film on the surface of the substrate. This film is continuous
but displays some porosity within. When deposition time is increases, another layer of
nanoparticles will cover the monolayer, once again not being completely continuous. As
time goes on, nanoislands form as the nanoparticles combine and grain growth occurs
with the larger grains.
Intermediate pressures start the growth process almost right where the low
pressures end at higher deposition times. Nanoislands are already formed on the surface
and range in size. Increasing time then increases the number of nanoislands and their size.
Then at high deposition times of approximately 60 sec, another monolayer has been
deposited on the film. This monolayer is where cracks are seen in in the 60mT 60 sec
specimen.
The highest pressures display a completely different characteristic than the lower.
Individual nanoparticles are distributed across the surface and do not touch each other. As
time continues, the nanoparticles will agglomerate with larger grains to form
nanoclusters. At higher times, the nanoclusters will form small islands that are visible on
the surface. These islands are not the same as the intermediate or low-pressure islands
due to the original film from which they are growing from are thin.
The characteristics of figure 48 are reflected in the findings of table 7.
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Table 7. Summary of Characteristics in Film Deposition
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Figure 481. Growth of nanoclusters and nanoislands as thickness or temperature
increases
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4.4. Nanoparticulate Copper Depositions
Based on the deposition rate, the thickness of 90mT 15sec film is about 7.5nm,
which is the same size of nanograin. The finding, together with the SEM image
observations suggest that the high pressure at 90mT at shorter times (less than 15 sec)
would be able to allow individual nanoparticle deposition. Therefore, more depositions
are performed at 90mT for 1 and 5sec and investigated. For comparison, a set of
deposition were also performed at 30mT.
4.4.1) Film Morphological Characteristics: 30mT (1, 3, and 5 sec)
Seen in figure 49, in all the three as-deposited samples, there are some
nanoclusters separated far away presenting on the surface of the thin continuous film. The
diameters of the clusters are 38, 40, and 35nm, respectively. There are no islands
observed at the shorter deposition time. After heat treatment, large irregular-shaped
flakes appeared in the films of 1sec and 3sec. However, 5 sec film is uniform and
compacted with nanoclusters. The results suggest that when the film is thinner enough,
no islands can be formed. However, the moderate deposition pressure of 30mT is not
sufficient to allow large spacings between the grains to occur in order to form individual
nanoparticles even at short deposition times with the help of annealing.
4.4.2) Film Morphological Characteristics: 90mT (1, 3, and 5 sec)
In the sample deposited at 90mT for 1 sec, as seen in figure 50 a, there
nanoparticles on the surface and even some nanoclusters. Different from 30mT, there are
a few nanoisalnds in addition to nanoclusters observed in the 90mT 1sec sample. Further
there is evidence that the substrate is present which demonstrates only individual
nanoparticles are present, consistent with the deposition rate estimation (0.5nm in
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thickness). The diameter of the nanoparticles is 5.9 nm and increases to 15nm after heattreatment. Individual nanoparticles are forming nanoclusters after annealing.
At 3sec deposition, an as-deposited picture could not be taken due to contrast
difficulties resulting from such a thin film of copper deposited on the surface. This may
suggest that the film deposited at this condition homogeneously and fully covered on the
surface of substrate. But the adatoms may not nucleate into grains. Heat treatment
increases the surface diffusion of the adatoms who nucleate into particles having a
diameter of approximately 14nm. The morphology in terms of grain and cluster size is
close to the heat-treated sample from 1sec. However, the distribution and spacing
between grains/cluster are more homogenous.
As the time increased to 5s, more nanoislands are observed with no nanoclusters,
like the sample deposited at 90mT for 15s. This suggest the film is more than one-layer
of deposition of the adatoms. The some adatoms accumulated into the island-shape
having an average diameter of 54 nm. The coverage of such islands is about 20%. Figure
50 c closely resembles the 15, 30 and even 60 sec as-deposited 90mT samples. Therefore,
this sample is beginning to grow a thin film. After heat treatment, in addition to the
remaining of some irregular islands, there are many nanoparticles/clusters shown with the
diameter of 10 nm. In the film, there are flat islands made up of nanograins with
nanopores, on top of which are decorated with nanoclusters separately with an average
spacing of 100nm. This is the beginning of nucleation and grain growth from the thin
films.
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Figure 49. SEM images of cooper films deposited at 30mT pressure for 1, 3, 5 seconds
(from top to bottom) before (left panel) and after (right panel) post annealing
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Figure 50. SEM images of cooper films deposited at 90mT pressure for 1, 3, 5 seconds
(from top to bottom) before (left panel) and after (right panel) post annealing
Due to the 3sec and 5sec samples displayed nanoparticles so well after heattreatment, a particle analysis was performed to establish the distribution on the surface of
the sizes of nanoparticles. Figure 51, a and b below show the distribution curves of the
nanoclusters on the surface. As displayed, at 3sec the distribution of nanoparticles is
skewed to the left with the highest frequency shown around 5.6-8.4 nm, while the 5sec
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heat treated sample shows the most frequency at 13.6-17 nm. The increase of the grain
should be related to the more adatoms both in the plane and in the thickness.

Figure 51. Distribution of nanoparticles in 90mT 5 and 3 sec heat-treated samples

In general, at 8, 30, and 60 mT, the films deposited between 15 and 60 secs are
continuous with the nanoparticles are closely spaced but with nanopores develop between
the particles. The thin films may be used in electronic devices. At 90 mT and shorted
time, the pressure is sufficient to space nanoparticles and surface coverage in a way that
creates a non-uniform surface and individual particulates. When functionalizing
graphene, these individual particulates are preferred. Even though the individual particles
were achieved at high pressure and short deposition times, more research on higher
pressures and low power could be done.
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4.5 SiO2 Film/Nanoparticulate Deposition: Preliminary Results
RF sputtering was used to distribute SiO2 on the surface of silicon to understand
how metal oxide distribution occurs at copper’s optimal pressure, 90mT. Table 5
displays that 1, 3, 5, 15, 30, 60, and 120 sec was used as deposition times. At 1, 3, and 5
seconds the deposition is very random with non-uniform particles deposited on the
surface as displayed on figure 52 a-c, respectively.
Once at 15 seconds, a continuous dense film is present with clear domain
boundaries in which small black islands on the surface are randomly distributed in the
vicinity of those boundaries in figure 52. As the time continues to increase the surface
becomes more rough demonstrated in Dreesen et al. The roughness increases at 30 sec, is
slightly elevated in areas like figure 52 at 60 sec, and is smooth again at 120 sec. This
demonstrates an increase in thickness of the SiO2. Even at low deposition times the SiO2
particles cannot be controlled in size or shape. The thin films produced by SiO2 can be
used for other applications involving metal oxides.
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Figure 52. (left down) 90mT 1, 3, 5 sec (right down) 15, 30, 60 sec deposition of SiO2
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4.5 Cu/SiO2 Composite Film/Nanoparticulate Deposition: Preliminary Results
Co-sputtering of copper and SiO2 at 90 mT was also explored to examine the
behavior of a composite film consisting of metal and metal oxide nanoparticles. Copper is
at DC 100W while SiO2 at RF 200W. The deposition time varies from 5, 15, 30 to 60
sec while the pressure maintains at 90 mT. The as-deposited and heat-treated samples at 5
sec show a film deposited along with particulates on the surface, with larger particulates
present after heat-treating shown in figure 53 a and b. At 5 sec a very thin film of copper
was seen on the silicon substrate of copper, but many particulates shown on SiO2. The
same observation is seen at 15 sec, but at 30 sec as-is shows larger partculates on the
surface that start to agglomerate after heat treatment. At 60 sec the as-is sample
demonstrates a flake like structure as figure 53. Once heat-treated particulates are shown
that look similar to 90 mT at 3 sec heat treatment. These figures are shown below.
Though these images seem to resemble the figures described, it cannot be verified
unless chemical analysis would be done. EDS was employed to run a spectra to
understand the ratio between copper and SiO2 as seen below at 30 sec. Due to SiO2 being
one of the co-sputter compounds and silicon used as the substrate, the silicon amount in
the spectrum cannot be used to directly quantify the ratio of copper to SiO2. The spectra
do show a higher number of counts of copper than silicon, so the particles closer to the
surface could be mostly copper. If applications where thick films with metal and metal
oxide would be utilized, copper and SiO2. Could be employed to fill the need.
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Figure 53. 90mT co-sputter (left) 5, 15, 30, and 60 sec as-deposited (right) 5, 15, 30, 60
sec post annealed
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Figure 54. EDS spectra of co-sputter at 30 sec

91

Chapter 5: Conclusions
Due to the absence of a band gap in 2-dimensional graphene,
functionalizing the surface is imperative. Researching new ways to functionalize
graphene is imperative to emerging applications that could be used for electrical sensors,
biotechnology, or chemical sensing.
When particulates are placed on the surface, the metal nanoparticles can attach to
dangling bonds to functionalize graphene. Material deposited by PVD can adopt a variety
of morphologies which are tunable by control the deposition process parameters. In
addition, post deposition process can allow further control of NPs and films morphology
and structure. PVD does not create chemical waste, has the potential to use both pure
metals and alloys, and can be manipulated for the desired density of metal on the surface.
PVD can result in continuous or non-continuous particulates. For device fabrication, the
continuous metal layer having the right thickness and morphology is desired for
interconnectivity or patterns. For functionalization, nanoparticles or nanoislands are
preferred However, the size and shape of the particles are very sensitive to PVD
conditions such as temperature, pressure, duration and even substrate. Physical vapor
deposition through magnetron sputtering, a functionalizing technique, is cost-effective,
user-friendly, and can be used to rapidly deposit nanoparticles on substrate surfaces. The
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drawback of PVD in general is the large instrumentation that would require calibrating
and maintenance done frequently.
This research introduced different pressures, temperatures, and deposition times
to distribute individual nanoparticles onto the surface of silicon via deposition of copper
and SiO2. An AJA sputter coater equipped with DC and RF capabilities was utilized to
deposit metal and metal oxide nanoparticles onto silicon. Copper was initially chosen
due to the low cost of the target and high output rate of samples. SiO2 was chosen to
demonstrate how a metal oxide reacts through RF sputtering on the surface of silicon.
Nanoparticles were seen from copper, but SiO2 did not demonstrate uniform distribution
of particles on the surface.
At deposition pressures in the range of 8mT to 90mT, the deposition rate is about
0.5 nm per second. When deposition is over 15 sec, films have well-defined columnar
structure mainly made up of grains. On the surface of the thin films, grains (about 67nm), clusters (10-20nm), and islands (100-200nm) are present, which confirmed the
“layer plus island” Stranski-Krastanov growth model. In addition, it is observed that
nanograins and clusters grow with thickness, and islands form during depositing several
monolayers at a certain critical thickness. Post-annealing increases size of grains,
clusters, and nanoislands in addition to densification and smoothen the surface of the
films. Nanocracks were observed on edge of island in the relatively dense as-deposited
films or within the densified islands after heat treatment. The high-quality thin films
created would be useful in fabrication of devices.
It is found that at high pressure like 90 mT, the nanoparticle spacing is loose as it
distributes onto the substrate. Reducing the time to close to or less than monolayer
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deposition, nanoparticle deposition is obtained with or without thermal annealing, which
satisfies the goal of this study towards functionalization of graphene on wafer. When the
as-deposited film is less than monolayer, e.g. deposited at 90mT for 1 sec, nanoparticles
are approximately 6nm with spacing of the same range prior to annealing. Postannealing increased the spacing to 10s nanometer and reduced the coverage. Slightly
increasing the time to 5 sec, although the as-deposited is fully covered with adatoms with
nanoislands of nuclei, post-annealing promotes grain nucleation, growth leading to
isolated 10-20nm sized nanoclusters form with spacing about 100nm.
Deposition of non-conductive SiO2 and copper/SiO2 hybrid thin films were
explored. It was observed irregular agglomerate domain (much larger than islands
observed in copper film) formed at the initial stage of SiO2 deposition which turn into
dense continuous films with clear grain boundaries and agglomerate domain. In the
copper/SiO2 hybrid thin films with appropriate thickness, e.g. deposited at 90mT less
than 15sec, heat treatment promotes copper nanoparticle formation and homogeneously
distributed in the SiO2 matrix. From the research on substrates, it is observed that the
substrate has much control on the reaction of functionalization on graphene. This varies
from the adatom activation energy to the roughness of the surface disrupting the graphene
surface. Since SiO2 was the substrate studied in this research, the expectation could be the
nanoparticles react differently on a monolayer or bilayer of graphene depending on the
metal chosen. This will need to be considered when continuing research.
Further research can be done to demonstrate if isolated nanoparticles with
controlled density with higher chamber pressures or higher annealing temperature within
the time of 5 sec in the pressure magnetron sputter system. Since the stable and self94

sustainable plasma can only be formed in a limit pressure range (usually a few mT up to
about 100mT), one more parameter will be reduced DC power. Morphology of copper
film using RF deposition may be totally different from the present observations,
optimization can also be done in this direction.
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